31 P nuclear magnetic resonance spectroscopy showed that inorganic pyrophosphate (P 2 O 7 4؊ ) is more abundant than ATP in Trypanosoma cruzi, the causative agents of Chagas' disease. These results were confirmed by specific analytical assays, which showed that in epimastigotes, the concentrations of inorganic pyrophosphate and ATP were 194.7 ؎ 25.9 and 37.6 ؎ 5.5 nmol/mg of protein, respectively, and for the amastigote form, the corresponding concentrations were 358.0 ؎ 17.0 and 36.0 ؎ 1.9 nmol/mg of protein. High performance liquid chromatographic analysis of perchloric acid extracts of epimastigotes labeled for 3 h with 32 P-orthophosphate showed a significant incorporation of the precursor into inorganic pyrophosphate. Inorganic pyrophosphate was not uniformly distributed in T. cruzi but was shown by 31 P-NMR and chemical analysis to be particularly associated with acidocalcisomes, organelles shown previously to contain large amounts of phosphorus and various elements. Electron microscopy analysis of pyrophosphatase-treated permeabilized epimastigotes showed disappearance of the electron density of the acidocalcisomes. Nonmetabolizable analogs of pyrophosphate, currently used for the treatment of bone resorption disorders, selectively inhibited the proliferation of intracellular T. cruzi amastigotes and produced a profound suppression in the number of circulating trypomastigotes in mice with an acute infection of T. cruzi, offering a potentially new route to chemotherapy.
Infections caused by Trypanosoma cruzi are among the most widespread parasitic diseases in Latin America and are responsible for heavy socioeconomic losses. There is therefore considerable interest in developing novel chemotherapeutic approaches, based on unique aspects of the structure and metabolism of this parasite. T. cruzi develops intracellularly in its vertebrate hosts and is confronted during its life cycle with drastic changes in its microenvironment. Survival through such complex environmental changes requires appropriate reserves of carbon and energy sources, as well as signaling species, such as Ca 2ϩ . Recent work has led to the identification of an acidic calcium pool (acidocalcisome) in this organism (1) (2) (3) (4) that contains most of its cellular Ca 2ϩ , together with large amounts of magnesium, sodium, zinc, and phosphorus (3) . However, the precise chemical nature of the phosphorus compound(s) in these vacuoles was not determined.
In this work, we used 31 P nuclear magnetic resonance (NMR) spectroscopy to investigate the nature of the acidocalcisomal phosphorus. 31 P NMR has been extensively used in the past to study the energy metabolism of several microorganisms, as well as that of living vertebrate tissues (5, 6) . It has been particularly useful in the identification of phosphorus-based storage compounds, such as polyphosphates (7, 8) , and sugar phosphates and diphosphates (9, 10) . Our results indicate that pyrophosphate is more abundant than ATP in the replicating forms of the parasite and is partly located in acidocalcisomes. Together with our previous results (1) (2) (3) (4) , this shows that these organelles are unique. We also show that pyrophosphate analogs inhibit the proliferation of these parasites both in vitro and in vivo.
EXPERIMENTAL PROCEDURES
Culture Methods-Epimastigotes of T. cruzi Y strain or, where indicated under "Results," clone Silvio X10/4 (3) were maintained at 28°C in BHI (1) or LIT medium (3) supplemented with 5% heat-inactivated fetal bovine serum, 100 units/ml penicillin, 100 g/ml streptomycin, and 20 g/ml hemin, and harvested in late exponential growth phase. The amastigote forms were cultured and purified from L 6 E 9 myoblasts (1, 2). Protein was measured using the Bio-Rad Coomassie Blue method.
Preparation of Perchloric Acid Extracts and Pyrophosphatase Treatments-For NMR, T. cruzi epimastigotes (ϳ2.5 g wet weight) or amastigotes (ϳ0.5 g wet weight) were washed twice with Buffer A (116 mM NaCl, 5.4 mM KCl, 0.8 mM MgSO 4 , 50 mM Hepes, pH 7.2, and 5.5 mM glucose) and extracted with ice-cold 0.5 M HClO 4 (2 ml/g of wet weight of cells). After 30 min of incubation on ice, the extracts were centrifuged at 3000 ϫ g for 5 min. The supernatants were neutralized by the addition of 0.72 M KOH/0.6 M KHCO 3 . Precipitated KClO 4 was removed by centrifugation at 3000 ϫ g for 5 min, the supernatant separated and pH adjusted to 8.0 with 0.1 M KOH. Samples were divided into two identical portions, 2 mM MgSO 4 was added to each, and these were incubated in the absence or presence of inorganic pyrophosphatase (Sigma; final activity, 10 units/ml) at 30°C, pH 7.4. Methylphosphonate was added to a final concentration of 0.1 mM as an internal NMR shift standard, and samples were made 10% (v/v) in D 2 O to provide a fieldfrequency lock.
Electron Microscopy-For the experiments with pyrophosphatase (see Fig. 4 MgSO 4 in the absence (control) or in the presence of 10 units/ml inorganic pyrophosphatase, and incubated for 30 min at 30°C. Cells were washed with 0.25 M sucrose, resuspended in the same solution, applied to Formvar-coated grids for 10 min, and then blotted dry and observed directly using a Hitachi 600 electron microscope. For conventional electron microscopy (see Fig. 6 ), cells and fractions were treated exactly as described in Ref. Preparation of Cell Fractions-For Percoll subcellular fractionation, we used a previous method (4) except that a fluoride (15 mM)-containing lysis buffer was used. Other experimental details such as protocols for density gradients and enzyme assays were as described previously (3, 4) .
Assays of Inorganic Pyrophosphate and ATP in Whole Cell ExtractsPyrophosphate was determined by measuring phosphate released by inorganic pyrophosphatase using perchloric acid extracts from 0.1 g of cells (11) . Nucleotides were assayed by separating perchloric acid extracts by HPLC 1 using an Isco ternary gradient system fitted with a 0.46 ϫ 25-cm (10 m) Partisil Sax column (Alltech) (12) .
HPLC Analysis of 32 (4-guanidino) butane, 2 M pepstatin, 2 g/ml aprotinin, and 1 mM phenylmethylsulfonyl fluoride). The cell pellet was mixed with 1.5 ϫ wet weight silicon carbide and ground with a mortar and pestle until lysis was greater than 90% (generally 40 s). Silicon carbide and unlysed cells were removed by centrifugation twice at 150 ϫ g for 5 min. The supernatant was first centrifuged at 10,500 ϫ g for 20 min and then at 105,000 ϫ g for 60 min. Perchloric acid extracts of the fractions were prepared and HPLC fractionation carried out as described above for ATP determination. Some extracts were treated with yeast inorganic pyrophosphatase (10 units/ml) for 30 min at 30°C prior to application to the column, to identify the pyrophosphate elution peak.
Growth Inhibition Assay-T. cruzi a mastigote proliferation in L 6 E 9 myoblasts was measured by uracil incorporation or Giemsa staining (13) . Invasion assays were performed as described (13) .
In Vivo Studies-Female NMRI albino mice (20 -25 g of body weight) were infected intraperitoneally with 10 4 trypomastigotes of the Y strain of T. cruzi, and intravenous treatment with pamidronate disodium (Aredia, 10 mg/kg/day) dissolved in sterile phosphate buffer was started 4 days postinfection; pamidronate disodium was given daily for a total of seven doses. Controls received the vehicle. Parasitemia determinations and handling of the experimental animals were carried out as described in Ref. 14. Fig. 1A shows the 303.65 MHz 31 P NMR spectrum of a perchloric acid extract, at pH 8.0, of the epimastigote forms of T. cruzi, Y strain, grown axenically. The spectrum is dominated by two principal features: a resonance at 3.8 ppm, probably associated with inorganic orthophosphate, and a principal resonance at Ϫ4.2 ppm, close to the range of the resonance frequencies of terminal phosphates of nucleotide di-and triphosphates and pyrophosphate; resonances of much lower intensity were also observed in the region of ␣-(Ϫ9 to Ϫ13 ppm) and ␤-phosphates (Ϫ15 to Ϫ20 ppm) of nucleotides. This spectrum differs markedly from those of most other cell and tissue extracts (5, 6, 15) , which contain prominent resonances due to the ␣-, ␤-, and ␥-phosphate groups of nucleotides. In the case of T. cruzi epimastigotes, the integrated intensity of the dominant peak at Ϫ4.2 ppm was 10 -12 times higher than the corresponding area in the ␣-phosphate region (Ϫ9.1 ppm) of nucleotides (six independent experiments), implying that the peak was not of nucleotide origin. The lack of a strong resonance at Ϫ22 ppm also rules out the presence of significant amounts of soluble polyphosphates in these extracts (7, 8) . Very similar features were found in spectra of perchloric acid extracts of clone Silvio X10/4 epimastigotes or of epimastigotes grown in BHI medium (results not shown) and of the intracellular amastigote forms (Fig. 1C) obtained from infected L 6 E 9 myoblasts cultured in vitro at 37°C. Extraction of perchloric acid insoluble material according to published procedures (7, 8) revealed the presence of short-chain polyphosphates in quantities comparable to that of pyrophosphate (results not shown).
RESULTS

Pyrophosphate Is Abundant in T. cruzi-
The origin of each of the dominant resonances present in the perchloric acid extracts was then further investigated by recording a 31 P-31 P COSY spectrum (Fig. 2 ). This showed that the Ϫ4.2 ppm resonance was not correlated with any others in the two-dimensional spectrum and that the less intense resonances at Ϫ4.54 and Ϫ4.85 ppm were correlated only with resonances in the ␤-phosphate region (Ϫ16.2 and Ϫ18.2 ppm), whereas a much smaller resonance at Ϫ5.21 ppm had correlations with both ␣-and ␤-phosphate resonances (Ϫ9.1 and Ϫ19.3 ppm). These results imply that the dominant resonance at Ϫ4.2 ppm is due to pyrophosphate, whereas those at Ϫ4.54, Ϫ4.85, and Ϫ5.21 ppm can be tentatively assigned to the terminal phos- 1 The abbreviation used is: HPLC, high performance liquid chromatography.
FIG. 1.
31 P NMR spectra of T. cruzi. phate groups of triphosphate, tetraphosphate, and the ␥-phosphate of nucleoside triphosphates, respectively. The assignment of the Ϫ4.2 ppm resonance to pyrophosphate was then substantiated by "spiking" the samples with pure Na 2 P 2 O 7 , which resulted in an increase in intensity of this resonance (not shown). Additional support for these assignments was then also obtained by incubating the perchloric acid extracts with pure yeast inorganic pyrophosphatase. After 60 min of treatment of the extracts of epimastigotes (Fig. 1B) or amastigotes (Fig. 1D) , the resonances at Ϫ4.2 ppm were reduced, and there were concomitant stoichiometric increases in the intensity of the resonances at 3.8 ppm assigned to inorganic orthophosphate (Fig. 1, B and D) . The presence of pyrophosphate was also confirmed by enzymatic assay using yeast pyrophosphatase. This gave a pyrophosphate concentration of 194.7 Ϯ 25.9 nmol/mg of protein for epimastigotes and 358 Ϯ 17 nmol/mg of protein (n ϭ 3) for amastigotes of T. cruzi, values that were much higher than the concentrations of ATP in the same extracts (37.6 Ϯ 5.5 and 36.0 Ϯ 1.9 nmol/mg of protein, respectively; n ϭ 3), as assayed by HPLC. Taken together, these results indicate that pyrophosphate is more abundant than ATP in T. cruzi.
Low Pyrophosphate Turnover in Epimastigotes-HPLC analysis of 32 P-labeled compounds in perchloric acid extracts of cells labeled during a 3-h incubation with [ 32 P]orthophosphate also indicated the presence of a significant inorganic pyrophosphate component (which co-eluted with GTP; Fig. 3A, solid line) , identified by comparison with an authentic standard and by its decrease after incubation with inorganic pyrophosphatase (Fig.  3A, dashed line) . After this labeling period, most of the labeled phosphorus was detected in nucleotides (ATP, ADP, AMP, GTP, and GDP) and only 2.2 Ϯ 0.2% (n ϭ 4) of the total radioactivity incorporated was detected as pyrophosphate, indicating relatively low metabolic turnover.
Subcellular Localization of Pyrophosphate in T. cruzi-When subcellular fractions of epimastigotes prelabeled for 3 h with 32 P were analyzed (Fig. 3, B-D) , labeling of pyrophosphate was more noticeable in the supernatant fraction (78% of the total pyrophosphate identified) than in the 10,500 ϫ g (5.1%) or 105,000 ϫ g (16%) pellets. The amount of radioactivity with an elution time corresponding to [ 32 P]pyrophosphate decreased and that corresponding to [ 32 P]orthophosphate increased significantly after incubation of the extracts from the supernatant and 105,000 ϫ g pellet fractions with inorganic pyrophosphatase, whereas a smaller decrease was detected in the extract of the 10,500 ϫ g pellet (Fig. 3, dashed line) , suggesting a lower turnover of the compound in this fraction, which contains acidocalcisomes and mitochondria. As a control for breakage of acidocalcisomes during cell lysis, we measured zinc levels in each fraction by using atomic absorption spectroscopy. Zinc was shown previously to be accumulated in the acidocalcisomal matrix, but not elsewhere in T. cruzi epimastigotes (3). Of a total of 700 g of zinc detected, 92% was found in the 10,500 ϫ g pellet fraction, 2% in the 105,000 ϫ g pellet fraction, and 6% in the 105,000 ϫ g supernatant fraction (whereas the protein distribution was 36, 23, and 41%, respectively, of 80 mg of protein total). This indicated that little of the acidocalcisome matrix was released into the soluble fraction during cell lysis.
In previous work (3), we have shown by electron microscopy techniques that acidocalcisomes correspond to the electrondense vacuoles observed in whole, unstained epimastigotes and contain large amounts of phosphorus. To investigate whether pyrophosphate was present in acidocalcisomes, we treated intact epimastigotes with formaldehyde (to permeabilize their plasma membrane), followed by incubation for 30 min with yeast inorganic pyrophosphatase. This treatment resulted in complete loss of the electron density of the acidocalcisomes (Fig. 4) , suggesting that pyrophosphate (complexed with cations) was the main electron dense material of these organelles. No changes were observed in control cells exposed to the same treatment without pyrophosphatase (Fig. 4A) .
To confirm the presence of pyrophosphate in acidocalcisomes, these organelles were separated on Percoll gradients as described previously (4) and analyzed for the presence of pyrophosphate both enzymatically and by 31 P NMR. The fractionation procedure was carried out in the presence of 15 mM potassium fluoride to inhibit endogenous pyrophosphatase activity (4). The densest fraction (fraction 1) from the Percoll gradients contained a significant amount (23% of the total pyrophosphate recovered) of cellular pyrophosphate (Fig. 5) , which correlated well with the distribution of proton-translocating pyrophosphatase activity, an acidocalcisomal marker (4). Standard transmission electron microscopy of the densest fraction showed that it contained organelles similar to the acidocalcisomes seen in intact cells (Fig. 6) (3) . The 31 P NMR spectrum of combined fractions 1-3 (Fig. 7A) contains a resonance at Ϫ0.8 ppm, attributed to pyrophosphate in the acidic environment of acidocalcisomes, plus a resonance at Ϫ5.4 ppm, which is the expected chemical shift of free pyrophosphate at the pH (8.0) of the experiment. Two peaks attributable to orthophosphate at 2.4 and 2.5 ppm were also detected. This suggested that resonances from both pyrophosphate and orthophosphate inside and outside acidocalcisomes were being detected. On addition of 0.1% Triton X-100 (to disrupt the acidocalcisomal membrane), and in the presence of KF to inhibit the acidocalcisomal pyrophosphatase (4), there was a large increase in the intensity of the Ϫ5.4 ppm peak, due to pyrophosphate release from most acidocalcisomes (Fig. 7B) , whereas the two orthophosphate resonances collapsed to a single peak at Ϫ5.4 ppm. Notably, in the absence of KF (Fig.  7C) , there was no detectable peak at Ϫ5.4 ppm, which can be attributed to the rapid hydrolysis of inorganic pyrophosphate to phosphate. Thus, these 31 P NMR results strongly support the idea that a significant amount of pyrophosphate is located in the acidocalcisomes. However, both the [ 32 P]orthophosphate-labeling experiments (Fig. 3) and the fractionation studies (Fig. 5) suggest the presence of a significant amount of pyrophosphate in other compartments, including the cytosolic fraction, contributing to the overall high PPi level. that this compound could have essential roles in the metabolism of these parasites and that pyrophosphate-utilizing enzymes might serve as new drug targets. The T. cruzi acidocalcisomal pyrophosphatase was inhibited in vitro (4) by a nonmetabolizable pyrophosphate analog, 2-aminoethylene-1,1-bisphosphonate, as seen previously with the Vigna radiata enzyme (17) . This suggested that bisphosphonate derivatives might interfere with parasite growth. To test this idea, we monitored the growth of T. cruzi amastigotes in L 6 E 9 myoblasts in the presence of different concentrations of the bisphosphonate pamidronate (3-amino-1-hydroxypropylidene)bisphosphonate), a bisphosphonate currently used clinically in the treatment of bone resorption disorders (18) . Results are shown in Fig. 8A . Amastigote proliferation, as assayed by uracil incorporation, was significantly inhibited, with a 50% inhibition at about 65 M pamidronate. [ 3 H]Uracil incorporation in the presence of different concentrations of pamidronate correlated closely with the number of parasites per 100 host cells in Giemsa-stained monolayers under the conditions used. The linear correlation coefficient for the data was 0.991 (data not shown). No toxicity to the host cells, as assessed by phase contrast microscopy observation of detachment, vacuolation, and rounding of the cells, was detected except at high concentrations of bisphosphonates (Ͼ300 M), as reported before (19) . Invasion of host cells by the parasite was not affected by this compound. Other bisphosphonates were also effective in inhibiting intracellular proliferation of T. cruzi. Alendronate (4-amino-1-hydroxybutylidene)bisphosphonate) was as effective as pamidronate against this parasite (IC 50 ϭ 65 M), whereas risedronate (1-hydroxy-2-(3-pyridinyl)-ethylidene)bisphosphonate) was less effective (IC 50 ϭ ϳ300 M). When tested on the vacuolar acidocalcisomal pyrophosphatase activity, the inhibitory concentrations were higher (IC 50 ϭ 256 and 90 M for alendronate and pamidronate, respectively, whereas 500 M risedronate inhibited the pyrophosphatase activity by only 25%).
Pyrophosphate Analogs Selectively Block the Intracellular Proliferation of T. cruzi-The
Pamidronate Blocks the Intracellular Proliferation of T. cruzi in Vivo-We also tested the activity of pamidronate in a murine model of acute Chagas' disease (14) . Pamidronate given intravenously to mice with an acute T. cruzi infection completely arrested the development of parasitemia during treatment (Fig. 8B) ; parasitemia levels remained at Ͻ3 and Ͻ15% of those in control animals 2 and 6 days after the end of treatment, respectively. This experiment, designed as a proof of concept, clearly demonstrates that pamidronate can effectively suppress the proliferation of the parasite in vivo, in accord with its in vitro effects (Fig. 8) .
DISCUSSION
In this work, we have shown that inorganic pyrophosphate is more abundant than ATP in the proliferative stages of T. cruzi and is located in part (around 23% of the total) in acidocalcisomes. Previous studies of T. cruzi using subcellular fractionation, gold-labeled transferrin, and molecular biological techniques have provided evidence that acidocalcisomes are different from lysosomes and other components of the endocytic pathway in these parasites (1-4) . The present results further support the hypothesis that acidocalcisomes are organelles with their own unique set of characteristics. Acidocalcisomes are also present in other trypanosomatids, such as Trypanosoma brucei (20 -22) and Leishmania amazonensis (23) , and in apicomplexan parasites, such as Toxoplasma gondii (24) , and we have confirmed than in most of these organisms, pyrophosphate is more abundant than ATP. The presence of pyrophosphate in "volutin" granules (vacuoles stained pink with basic blue dyes), which are also rich in calcium and magnesium, has been described in the free-living ciliate Tetrahymena pyriformis by direct chemical analysis (25, 26) and 31 P NMR (27) . The dense granules of blood platelets are also known to contain pyrophosphate together with ATP, ADP, and serotonin (28) . Previous studies in trypanosomatids have demonstrated the presence of a high concentration of pyrophosphate in Leishmania major (11) , although its subcellular localization was not established.
Inorganic pyrophosphate was for a long time believed to be merely a byproduct of biosynthetic reactions (synthesis of nucleic acids, coenzymes, proteins, activation of fatty acids, and isoprenoid synthesis) subject to immediate hydrolysis by inorganic pyrophosphatases. From the early 1960s, however, data have accumulated suggesting an important bioenergetic and regulatory role for this compound (29) . Pyrophosphate-dependent enzymes have been found in plants, animal tissues, and microorganisms. Pyrophosphate biosynthesis, coupled to the respiratory chain, was described for yeast, animal, and plant mitochondria (29) . In plants (30) and in some parasitic protozoa, pyrophosphate is used in place of ATP as an energy donor in several reactions, such as the pyrophosphate-phosphofructokinase of Trichomonas vaginalis (31) , Entamoeba histolytica (32) , Giardia lamblia (33) , Naegleria fowleri (34), T. gondii (35, 36) , Cryptosporidium parvum (36) , and Eimeria tenella (36) ; the pyruvate, phosphate dikinase of Giardia lamblia (37) , Entamoeba histolytica (38) , and trypanosomatids (16); or the phosphoenolpyruvate carboxytransphosphorylase (39) and the pyrophosphate-acetate kinase (40) of E. histolytica. It has been postulated that pyrophosphate analogs could be selective inhibitors of some of these parasite enzymes (41) . In addition, we recently detected a proton-translocating pyrophosphatase activity located in acidocalcisomes of T. cruzi (4), which is inhibited by a bisphosphonate derivative, in a fashion similar to the plant enzyme (17) . As the acidity of the acidocalcisomal lumen seems to be required for Ca 2ϩ accumulation (1), these results suggest that pyrophosphate plays a crucial role in the survival of the parasite. Interestingly, a pyrophosphatase activity was also suggested to be associated in membrane-like structures surrounding the pyrophosphate-rich granules of T. pyriformis (25, 26) .
Although some of the pyrophosphate analogs (bisphosphonates) tested were effective in inhibiting T. cruzi growth in vitro and in vivo, correlation between their growth inhibitory concentrations and inhibition of the acidocalcisomal V-H ϩ -PPase activity was limited. This suggests that these drugs may be acting against other cellular processes possibly involve pyrophosphate. Given the bisphosphonate structure, these molecules are putative inhibitors of intracellular pathways involving phosphate or pyrophosphate. Bisphosphonates suppress osteoclastic bone resorption and are used extensively in the treatment of common skeletal disorders, such as osteoporosis, metastatic bone disease, and Paget's disease of bone (18, 42) . The intracellular targets of bisphosphonates have not yet been identified. However, structure-activity relationship investigations of bone resorption inhibition, slime mold cell growth, and macrophage apoptosis support the assumption that nitrogencontaining bisphosphonates interact with a highly specific target inside the cells (42) . Some bisphosphonates, such as clodronate, can be metabolized to a cytotoxic, nonhydrolyzable analog of ATP by mammalian cells (43) , and one inhibits the osteoclast vacuolar H ϩ -ATPase (44) . However, the more potent nitrogen-containing bisphosphonates, such as pamidronate, alendronate, ibandronate, and risedronate, are not metabolized (43) and probably act by a different mechanism that can lead to osteoclast apoptosis (45) . Two potent nitrogen-containing bisphosphonates that cause apoptosis in J774 cells, YM175 and ibandronate (46) , have been reported to be inhibitors of sterol biosynthesis in J774 cells (47, 48) . The pathway of sterol biosynthesis from mevalonate includes the synthesis by prenyl transferases of isoprenyl-pyrophosphate intermediates, such as farnesyl pyrophosphate and geranylgeranyl pyrophosphate. These isoprenyl groups can be transferred to a cysteine residue within carboxyl-terminal motifs present in several classes of proteins, including the family of GTP-binding Ras, Rho, Rac, and Rab proteins and nuclear lamins (49, 50) in a reaction catalyzed by at least three distinct cytoplasmic prenyl protein transferases (50) . Posttranslational modification of proteins with C15 farnesyl or C20 geranylgeranyl groups appears to be essential for the localization of these proteins to membranes and hence their biological function (49, 50) . Inhibition of protein prenylation by substrate inhibitors of prenyl protein transferases or by inhibitors of mevalonate or isopentenyl pyrophosphate synthesis (such as lovastatin, mevastin, and phenylacetate) can lead to induction of apoptotic cell death (51) . It has been shown that apoptosis induced by bisphosphonates in J774 macrophages is associated with the inhibition of posttranslational prenylation of proteins, such as Ras, and that this effect can be inhibited by the addition of components of the mevalonate pathway, such as farnesyl pyrophosphate, and geranylgeranyl pyrophosphate (52) . Recent studies have shown that protein prenylation occurs in T. cruzi and that the growth of intracellular forms of T. cruzi is sensitive to protein farnesyl transferase inhibitors (53) . Some of the inhibitors used in these studies were monophosphonates (53) . In addition, apoptosis has been found to occur in T. cruzi (54) .
Although there may be several actual bisphosphonate target molecules, their selective anti-T. cruzi activity (Fig. 8) could result from their preferential accumulation in the parasite due to the presence of the calcium-and pyrophosphate-rich acidocalcisomes. A similar explanation has been advanced for the anti-osteoclastic activity of these compounds, as they are mostly accumulated in mineralized bone tissue (18) . In addition, it is particularly encouraging to note that macrophages (one of the preferred host cells for T. cruzi), like osteoclasts, appear to be particularly susceptible to bisphosphonates, which makes them potentially useful as antiarthritic drugs (18) . In addition, the concentrations of bisphosphonates used in this work are actually lower than those reached in normal tissues susceptible to infection by T. cruzi following established pharmacological doses. For example, in liver and spleen, pamidronate levels may reach concentrations 140 and 814 times higher than in plasma (55) , and the plasma concentrations of pamidronate achieved in humans after a single intravenous administration is already around 10 M (56). Given that large numbers of bisphosphonates are already approved for long term use in treating various bone-resorption disorders, it seems likely that such drugs will play a role in trypanosomatid chemotherapy in the future, alone or in combination with other parasite-specific therapies.
